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SECTION  I 
INTRODUCTION 


This  report  covers  utilization  of  pre-preg  materials  reported  in  Phase  I  Report  No.  BAE- 
863-14367.  These  materials  were  used  to  fabricate  both  seven  inch  diameter  pressure 
vessels  and  eighteen  inch  multi-ported  cases.  The  cases  were  built  to  develop  con¬ 
struction  techniques  applicable  to  pre-preg  materials  and  obtain  the  degree  of  correlation 
between  split  ”D"  ring  tension  tests  and  actual  performance  in  pressure  vessels. 

Pre-preg  materials  have  opened  completely  new  horizons  in  ways  to  locate  precisely  the 
desired  amount  of  added  reinforcements  in  a  rocket  case.  These  added  reinforcements 
are  of  little  value  if  their  outer  extremities  cannot  be  faired  out  to  provide  a  smooth 
transition  into  the  base  structure.  One  of  the  major  advantages  of  pre-preg  materials 
is  the  ease  with  which  the  designer  can  provide  for  a  scarf  type  joint.  The  techniques 
developed  during  this  program  were  aimed  specifically  at  reducing  the  stress  concen¬ 
trations  in  areas  such  as  knuckle  region,  on  center  port  openings,  off  center  port  open¬ 
ings  (nozzle)  and  termination  of  tape  ends. 

The  necessity  of  having  an  evaluation  chamber  which  would  be  programed  to  prevent  pre¬ 
mature  failure  in  the  end  dome  regions  without  effecting  the  balance  of  material  in  the 
cylindrical  section  was  one  of  the  reasons  for  developing  the  techniques  used. 
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SECTION  n 
SUMMARY 


This  Phase  n  report  of  the  contract  is  divided  into  several  different  activities;  namely, 
tensioning  and  packaging,  reducing  stress  risers,  the  fabrication  of  seven-inch  pres¬ 
sure  vessels,  eighteen-inch  rocket  cases,  and  bending  tests. 

Section  in  explains  the  methods  used  for  the  packaging  of  pre-preg  tapes  and  rovings 
and  RECOMMENDATIONS  for  tensioning  these  materials. 

Section  IV  discusses  stress  concentrations  due  to  the  termination  of  tape  ends  and  gives 
methods  for  controlling  the  stress  risers  during  fabrication. 

Section  V  describes  the  seven-inch  diameter  pressure  vessel  used  in  this  program  and 
discusses  the  analytical  and  experimental  methods  used  to  derive  the  end  dome  con¬ 
figuration.  The  data  of  all  cases  tested  are  listed. 

Section  VI  gives  the  design  concept  for  off-center  port  reinforcements.  These  reinforce¬ 
ments  were  incorporated  in  eighteen-inch  cases  which  were  scaled  up  from  the  basic 
pressure  vessel  (Section.  V). 

Section  VII  presents  a  method  of  utilizing  a  filament  wound  cylinder  which  can  have  a 
pure  bending  moment  applied  without  special  machining  operations.  Data  for  specimens 
tested  are  listed. 

Section  VIII  gives  the  results  of  a  statistical  analysis  to  determine  the  degree  of  cor¬ 
relation  between  "D"  ring  tests  and  their  respective  cases  described  in  Section  V. 
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SECTION  in 

TENSIONING  AND  PACKAGING  OF  PRE-PREG  MATERIALS 


PACKAGING  OF  PRE-PREG  MATERIALS 


Roving 

Hie  generally  accepted  method  of  packaging  pre-preg  roving  is  to  re-spool  the  roving, 
alter  impregnation  with  resin,  onto  the  same  type  of  container  and  with  the  same  type  of 
level  wind  system  which  was  used  for  the  initial  packaging  of  dry  roving  at  the  glass  mill. 

Usually  this  type  of  packaging  does  not  require  an  interleaver  between  the  rovings  to 
provide  separation  during  unspooling.  If  broken  monofilaments  are  le't  on  the  surface 
of  the  package,  the  unspooling  of  the  succeeding  layers  of  material  is  at  the  opposite 
helix  angle,  thus  providing  a  self-cleaning  action.  (See  Figure  3-1) 

Tapes 

Two  systems  are  used  for  packaging  pre-preg  tapes  (a  tape  consists  of  a  number  of  yarns 
laid  parallel  to  one  another  without  crossover  of  the  ends  of  the  yarn). 

A.  One  system  is  similar  to  the  packaging  used  for  pre-preg  rovings.  Depending 
upon  the  characteristics  of  the  resin  system,  an  interleaver  may  be  required  to 
provide  separation  of  the  material  during  removal  from  the  package.  (See 
Figure  3-2). 

B.  The  other  system  is  often  referred  to  as  a  "planetary  wind".  This  consists  of 
winding  the  pre-preg  tape  such  that  each  layer  lays  on  top  of  the  tape  from  the 
preceding  revolution  -  same  as  a  roll  of  friction  tape.  This  method  of  winding 
requires  an  interleaver  for  the  unspooling  operation.  When  the  length  of  a  tape 
exceeds  approximately  100  yards,  side  plates  are  required  to  protect  the  roll 
from  telescoping  sideways. 

TENSIONING 


In  order  to  provide  the  proper  nesting  of  the  pre-preg  material  on  the  winding  arbor, 
high  winding  tension  and/or  heating  of  the  material  was  required  at  time  of  winding. 

The  basic  setup  for  tensioning  was  the  same  for  either  pre-preg  tape  or  roving.  The 
system  consisted  of  inserting  a  brake  drum  between  the  supply  spool  and  winding  arbor. 
A  contact  arc  of  approximately  270°  on  a  6-inch  diameter  drum  provided  an  adequate 
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Figure  3-1.  Roving  Package  Without  Interleaver 
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frictional  surface  for  tensioning.  The  surface  of  the  drum  should  be  smooth  and  a  method 
provided  to  remove  any  broken  monofilaments  that  may  have  adhered  to  the  surface  of  the 
drum.  At  least  two  guide  rollers  were  required  at  the  brake  drum.  These  rollers  may 
be  as  small  as  1  Inch  In  diameter  and  teflon  coated  to  prevent  resin  adherence  to  the 
surface.  See  Phase  I  Report  No.  BAE-863- 14387. 

The  type  of  brake  described  above  requires  that  an  Initial  tension  be  applied  to  the  In¬ 
coming  material  to  prevent  Its  slipping  on  the  brake  drum.  The  tension  required  Is  a 
function  of  the  drum  diameter  and  the  frictional  coefficient  of  the  drum  surface.  A  ten¬ 
sion  of  approximately  0. 1  ounce  per  end,  (yarn  or  roving)  applied  to  the  material  before 
entering  the  brake,  will  usually  provide  the  necessary  activating  force.  This  low  tension 
was  obtained  by  applying  a  brake  to  the  supply  package. 

ALWAYS  apply  the  minimum  tension  possible  to  the  supply  package. 

Each  individual  tape  or  roving  will  require  an  individual  tensioning  device.  When  tape 
construction  was  used,  the  width  of  the  tape  was  the  same  as  the  width  of  the  grid 
pattern,  thus,  only  one  brake  setup  was  required.  (See  Figure  3-3) 

For  pre-preg  roving  construction  two  20-end  pre-preg  rovings  were  laid  side  by  side. 

This  required  two  tensioning  devices  for  forming  a  40-end  pre-preg  roving  band.  (8ee 
Figure  3-4) 

Recommendations  For  Tensioning 

1.  Tensions  normally  required  for  a  winding  process,  SHOULD  NEVER  be  applied 
to  the  supply  package. 

2.  Tension  should  be  applied  to  the  material  after  it  leaves  the  supply  package, 
and  an  individual  tensioning  device  should  be  provided  for  each  supply  package. 

3.  When  using  a  tape  width  greater  than  approximately  1/2  Inch,  the  Interleaver 
(If  used)  should  remain  with  the  tape  through  the  tensioning  head  and  be  re¬ 
moved  after  the  pre-preg  tape  is  on  the  winding  arbor.  This  will  help  provide 
a  constant  tape  width.  When  the  winding  arbor  was  more  than  2  feet  from  the 
tensioning  device,  a  wide  tape  had  a  tendency  to  rope. 
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Figure  3-3.  Tape  Brake  Setup 


SECTION  IV 


REDUCING  STRESS  RISERS 


Even  though  a  case  of  excellent  design  has  been  fabricated  with  high  quality  materials 
on  precise  wrapping  equipment,  it  could  be  erratic  in  quality  if  the  importance  of  proper 
termination  of  tape  ends  is  overlooked.  To  approach  the  problem  from  a  viewpoint  of 
having  placed  sufficient  material  in  the  windings  to  carry  the  loads  in  the  structure, 
can  easily  lead  to  severe  stress  risers.  When  a  design  is  analyzed  to  determine  the 
deformations  of  ALL  sections  of  the  structure,  the  importance  of  the  termlnatirn  of 
tqpo  ends  is  readily  apparent.  The  deformation  studies  must  be  conducted  on  the  struc¬ 
ture  as  it  will  be  "Actually  Fabricated"  by  the  production  winding  facility. 

Normally,  the  initial  design  is  based  on  wrap  pattern  calculations,  number  of  windings, 
etc. ,  to  carry  the  required  loads  without  the  need  to  know  specific  processes  of  the 
particular  fabrication  source.  Consider  the  winding  of  an  ABL  -  6400  qualification 
pressure  vessel  which  normally  has  four  thicknesses  of  longitudinal  material  and  five 
thicknesses  of  circumferential  material.  An  overlap  of  approximately  3  inches  is 
used  to  develop  full  strength  of  a  loose  end  of  tape.  If  this  joint  is  located  at  the  FT 
point  there  would  be  five  layers  of  material  thickness  in  the  joint  and  only  four  thick¬ 
nesses  of  material  in  the  adjoining  area>  The  deformation  would  be  20  per  cent  less  in 
the  joint  area.  The  magnitude  of  the  stress  riser  could  be  many  times  larger  than  the 
ratio  of  the  deflections  when  located  in  a  critical  area.  This  same  joint  located  at  the 
polar  opening  is  of  a  relatively  minor  magnitude. 

The  methods  used  are  by  no  means  the  only  approaches  which  can  be  implemented  to 
reduce  stress  concentrations.  The  important  item  is  to  be  aware  of  the  problems  that 
could  arise  if  there  is  not  close  alliance  between  the  design  concept  and  the  specific 
shop  practices  used  during  construction. 

CIRCUMFERENTIAL  WINDINGS 


The  circumferential  material  is  applied  to  the  arbor  as  a  tight  ppiral  wind.  A  winding 
machine  cross  head  advances  one  tape  width  for  each  revolution  of  the  arbor.  When  tape 
width  exceeds  approximately  1/2  inch,  it  is  desirable  to  trim  off  the  ends  of  the  cylinder 
so  that  the  end  of  the  tape  is  spread  around  the  cylinder. 

This  is  provided  for  by  starting  the  material  onto  the  arbor  before  the  PT  and  wrapping 
past  the  PT  on  the  other  end.  The  excess  material  is  then  trimmed  parallel  to  the 
points  of  tangency  and  easily  removed  by  step  cutting.  The  ends  of  the  tape  should  be 
held  in  place  with  a  pressure  sensitive  tape,  such  as  mylar,  until  these  areas  are  ready 
to  be  covered  with  the  succeeding  windings.  (See  Figure  4-1) 
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Width  of  Circumferential  Windings 


Hie  basic  width  of  a  circumferential  winding  is  normally  considered  to  be  the  distance 
between  points  of  tangency.  Past  experience  has  shown  that  if  all  the  cylindrical  wind¬ 
ings  are  maintained  at  the  same  width,  a  high  stress  riser  will  occur  at  the  point  of 
tangency.  Normally,  when  circumferential  material  is  applied,  at  least  two  layers  of 
windings  are  required.  The  logical  approach  would  be  to  start  at  one  PT,  traverse  to 
the  other  PT  and  return  (without  cutting  the  tape)  to  the  starting  point.  Ibis  method 
works  out  well  for  narrow  widths  of  tape;  however,  when  the  tape  width  approaches 
1/2  inch,  an  undesirable  kink  is  placed  in  the  tape  at  the  point  where  it  starts  the  return 
traverse.  The  loss  in  strength  due  to  the  kink  is  probably  much  less  than  that  which 
results  from  two  cut  ends  at  the  other  end  of  the  cylinder.  Because  the  geodesic  path  . 
is  not  maintained  at  the  turn  around  point,  a  kink  and  a  buildup  of  material  occurs  in 
this  area. 

The  method  used  to  reduce  the  stress  riser  was  to  make  some  of  the  windings  extend 
beyond  the  PT's,  other  windings  terminated  at  the  PT's,  with  the  balance  of  the  windings 
inside  the  PT's.  The  following  sketch  illustrates  the  mothod  which  was  used  to  provide 
a  circumferential  wrap.  (See  Figure  4-2. ) 

On  all  circumferential  wraps  (not  longitudinal  wraps),  one  (1)  375-watt  infrared  heat 
lamp  was  used  during  wrapping.  Hie  heat  source  was  maintained  approximately  one-half 
(1/2)  inch  above  the  contact  point  between  the  circumferential  tape  and  the  mandrel. 

LONGITUDINAL  WINDINGS 


The  application  of  longitudinal  material  to  the  winding  arbor,  with  automated  equipment, 
is  relatively  simple.  The  starting  end  of  the  tape  is  attached  to  the  mandrel  with  a 
pressure  sensitive  tape,  such  as  mylar.  This  starting  end  is  crossed  over  after  a  few 
cycles  and  the  hold-down  tape  can  then  be  removed.  The  excess  length  of  the  starting 
end  is  then  trimmed  to  the  point  of  crossover.  Upon  completion  of  the  winding,  the  tape 
is  terminated  with  an  overlap  of  a  least  3  inches  into  the  next  generation.  (See  Figure 
4-3)  One  continuous  length  of  material  should  be  used  for  a  longitudinal  generation  (two 
layers). 

END  DOME  REINFORCEMENTS 


One  method,  regularly  used  for  adding  reinforcements  in  tHe  end  dome,  is  to  use  woven 
glass  cloth.  It  is  most  difficult  to  program  this  type  of  material  on  a  curved  surface  and 
iron  out  the  wrinkles.  A  desirable  method  of  dome  reinforcement  would  make  use  of  the 
same  materials  which  form  the  cylindrical  and  longitudinal  windings.  A  method  has  been 
worked  out  to  use  the  same  pre-preg  materials  and  apply  them  to  the  arbor  with  the  re¬ 
gular  winding  equipment. 

Essentially,  this  method  consists  of  winding  an  extra  longitudinal  generation  and 
removing  the  material  from  the  unwanted  areas.  The  simplest  means  of  adding  a 
full  dome  reinforcement  is  the  placing  of  a  thin  stainless  steel  strip  two  inches  in 
width  around  the  cylindrical  section  near  the  PT's.  The  added  generation 
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Figure  4-2.  Location  of  Circumferential  Layer  Placement  and  Termination 
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Figure  4-3.  Termination  ot  Longitudinal  Tape  Ends 
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is  then  applied  over  this  strip  and  the  glass  tapes  are  cut  through  to  the  underlying  bands. 
With  most  pre-pregs  the  unwanted  windings  in  the  cylindrical  section  can  be  removed 
without  damage  to  the  underlying  wraps.  Do  not  use  more  winding  tension  than  necessary 
to  adequately  seat  the  material  in  the  end  dome  region.  When  the  tension  is  released  by 
the  cutting  action,  the  tape  ends  have  a  tendency  to  ruffle.  A  winding  tension  of  0. 2 
pounds  per  end  with  ECG-140  glass  filaments  has  been  found  satisfactory. 

SPECIAL  APPLICATIONS 


In  a  design  which  has  two  longitudinal  generations  (4  layers),  a  full  reinforcement  may 
be  added  between  the  two  longitudinal  wraps.  When  working  with  a  design  that  contains 
three  longitudinal  generations,  it  is  desirable  to  divide  the  reinforcements  into  two  parts 
and  place  them  between  the  first  and  second,  and  second  and  third  longitudinal  wraps. 
This  can  be  provided  for  with  most  wrap  patterns.  When  numerical  controlled  machin¬ 
ery  is  used,  the  process  is  relatively  simple. 

The  type  of  wrap  pattern  used  during  this  program  was  well  adapted  for  the  task.  Re¬ 
ducing  the  number  of  spaces  in  the  grid  pattern  from  103  (which  is  a  normal  wrap  pattern 
solution)  to  102  spaces  gives  a  complete  longitudinal  generation  after  51  cycles.  This 
places  tape  in  every  other  space  of  the  102-space  grid. 

The  process  consists  of  applying  the  first  102-space  wrap  to  the  arbor  on  top  of  the  first 
longitudinal  generation  (103  spaces)  (2  layers)  and  then  removing  material  from  the  un¬ 
wanted  areas.  After  applying  the  second  longitudinal  generation  (103  spaces),  apply  the 
second  application  of  tape  with  the  102-space  pattern.  It  is  necessary  that  the  second 
application  be  indexed  over  one  space  to  fill  the  void  spaces  from  the  first  application. 
This  provides  a  100%  end  dome  generation  coverage  which  has  been  fabricated  between 
different  layers  of  the  case  structure. 
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SECTION  V 

SEVEN  INCH  DIAMETER  PRESSURE  VESSELS 


DESCRIPTION  OF  "BASIC"  PRESSURE  VESSEL 


The  physical  size  of  the  pressure  vessel  was  7.  170"  I.  D.  with  a  cylindrical  length  of 
8.  5"  and  IDEAL  END  DOMES.  (See  Figure  5-1  for  further  details. )  The  construction 
was  such  that  the  longitudinal  and  girth  windings  were  intermixed.  A  polar  opening 
diameter  was  selected  to  provide  a  12.  5°  helix  angle  of  the  longitudinal  windings  in  the 
cylindrical  section.  Generally,  the  case  circumference  in  inches,  divided  by  the  longi¬ 
tudinal  material  band  width  per  pass,  is  in  a  range  from  90  to  130.  A  value  of  103  was 
used  for  this  design  because  it  provided  for  using  two  20  end  pre-preg  rovings  in  parallel 
and  also  provided  a  geodesic  solution  for  a  type  of  wrap  pattern  found  most  desirable  in 
an  Air  Force  sponsored  contract.  Also,  this  design  was  equally  desirable  for  use  with 
pre-preg  tapes. 

DERIVATION  OF  IDEAL  END  DOME 


The  end  dome  contour  utilized  in  this  program  was  in  the  same  basic  contour  used  in  the 
Air  Force  contract.  The  contour  was  "ideal"  for  a  12.  5°  longitudinal  wrap  angle.  The 
contour  was  derived  analytically  and  checked  experimentally  prior  to  the  start  of  these 
contracts.  The  analytical  work  was  based  on  the  consideration  that  the  filaments  are  the 
members  which  carry  the  internal  pressure  loads  and  should  be  orientated  to  create  an 
isotensoid  structure,  providing  uniform  load  distribution  to  all  elements.  A  pressure 
vessel  was  then  fabricated  which  incorporated  the  above  parameters  and  checked  experi¬ 
mentally  by  the  "pressure  cure  method.  "  Pressure  curing  is  maintaining  an  internal 
pressure  during  the  resin  cure  cycle.  The  conditions  which  exist  are  that  the  winding 
arbor  has  been  removed  and  the  case  is  under  internal  pressure.  This  cure  method 
requires  that  the  chamber  must  have  been  wrapped  on  a  soluble  mandrel  covered  with 
a  pressure  tight  bladder.  The  end  fittings  were  sealed  to  the  bladder  and  the  shaft  sealed 
to  the  end  fittings.  The  case  was  wrapped  with  no  loose  ends.  The  beginning  and  end  of 
the  tape  were  tied  to  the  pole  fitting  or  to  an  opposing  tape  to  preclude  "unwind"  during 
cure.  The  resin  becomes  very  fluid  during  one  stage  of  the  cure  and  is  unable  to  carry 
any  shear  force;  in  reality,  the  filaments  are  lubricated  and  are  free  to  move  with 
respect  to  each  other.  Therefore,  they  will  take  a  position  where  they  are  under  the  least 
stress  in  accordance  with  the  principles  of  conservation  of  energy,  least  work,  etc. 

The  resulting  end  dome  contour  is  ideal — that  associated  with  least  filament  stress— and 
will  carry  the  greatest  pressure  before  failure. 

Two  results  are  determined  from  pressure  curing:  The  proper  end  dome  contour,  and 
the  points  of  tangency  of  the  chamber. 
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Figure  5-1.  Basic  Pressure  Vessel 


'Figure  5-2  show*  a  glass  filament  case  having  the  mandrel  washed  out  under  pressure 
as  part  of  the  processing  of  pressure  curing. 

Description  of  Wrap  Pattern 

This  wrap  pattern  divides  the  circumference  Into  103  spaces  and  requires  103  cycles  to 
complete  the  generation.  This  provides  two  (2)  thicknesses  of  material  In  the  cylindri¬ 
cal  section  (assuming  the  tape  width  Is  equal  to  the  space  width). 

The  longitudinal  winding  pattern  Is  such  that  the  location  of  the  tape  at  the  start  of  a 
cycle  Indexes  over  eight  (8)  spaces  from  the  start  of  the  preceding  cycle.  Therefore, 
the  tape  of  the  thirteenth  (13th)  cycle  lies  adjacent  to  the  tape  of  the  first  (1st)  cycle, 
and  the  tape  of  the  fourteenth  (14th)  cycle  lies  adjacent  to  the  tape  of  the  second  (2nd) 
cycle,  etc.  One  hundred  three  (103)  cycles  complete  the  tape  requirements  for  the 
longitudinal  generation.  The  one  hundred  fourth  (104th)  cycle  would  place  another  tape 
over  the  tape  of  the  first  cycle. 

SUMMARY  -  8EVEN  INCH  DIAMETER  CASE8 

The  selection  of  materials  for  use  In  the  test  pressure  vessels  was  based  on  the  results 
of  the  Phase  I  activities  (see  Report  No.  BAE- 883- 14367).  The  materials  were  of  two 
basic  categories,  tapes  and  rovings.  The  roving  was  20  end  pre-preg  with  801  sizing 
and  16  to  20  per  cent  resin  content  (by  weight)  and  manufactured  by  the  Cordo  Chemical 
Company. 

The  tape  was  made  from  yarns  which  were  laid  parallel,  without  crossovers,  of  uniform 
width  and  thickness,  and  all  ends  of  uniform  length.  The  yam  was  ECDE-300- 1/0-1. 0 
T.  P.  L  with  EPS-4  sizing.  An  average  tape  cross  section  had  approximately  216  yam 
ends  per  Inch  of  width.  The  tape  was  fabricated  by  BENDDC  Resin  content  was  from 
16  to  20  per  cent  by  weight 

Results 

A.  Comparison  of  stress  values  obtained  for  tape  and  roving  from  Identical  designs 
were  of  the  same  order  of  magnitude  (SPN-01  versus  SPN-02)  (SPN-05  versus 
SPN-06)  (SPN-03  versus  SPN-07)(SPN-04  versus  SPN-09). 

B.  The  tape  material  compacted  better  than  roving  In  both  the  cylindrical  and  end 
dome  regions.  This  was  due  to  the  more  uniform  control  of  width  and  thickness 
of  tape  as  compared  to  roving. 

C.  A  balanced  designed  Isotensold  geodeslcally  wrapped  pressure  vessel  (12. 5° 
degree  longitudinal  wrap  angle)  Is  weakest  In  the  longitudinal  winding  at  the  point 
of  tangency. 

D.  The  highest  stress  values  were  obtained  in  the  design  used  for  the  consistency 
checks  (8PN-12,  15,  and  16). 
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Circumferential  Glass  Stress.  .  .334,761  psi 

Longitudinal  Glass  Stress . 235^769  psi 

Strength-weight  Ratio  ...  1. 704  x  10°  Inches 

E.  End  dome  reinforcements  should  extend  a  minimum  of  3/4  Inches  into  the  cy¬ 
lindrical  section 

ENGINEERING  DISCUSSION 


Due  to  the  desirability  of  obtaining  the  highest  S/W,  every  effort  is  made  to  achieve  the 
maximum  filament  strength  with  the  minimum  resin  content  Ultimate  filament  strengths 
are  still  achieved  with  resin  contents  (by  weight)  of  less  than  20%  in  "D"  ring  tests. 

Test  data  shows  that  in  actual  performance  the  pressure  vessel  imposes  added  require¬ 
ments  on  the  pre-preg  filament  system. 

Figures  5-9  and  5-10  are  examples  of  the  desirability  of  having  different  resin  contents 
in  different  sections  of  the  structure.  These  two  cases,  which  were  built  prior  to  this 
contract,  are  Identical  to  the  cases  being  used  in  this  program.  Both  cases  were  built 
from  the  same  pre-preg  20  end  roving  with  19-1/2  per  cent  resin  content  The  case  in 
Figure  5-9  which  failed  at  2210  psi,  had  extra  resin  added  around  both  center  port  open¬ 
ings.  The  failure  was  at  the  point  of  tangency.  In  order  to  prove  the  necessity  of  adding 
resin  in  this  location,  the  case  shown  in  Figure  5-10  was  built  identical  to  the  case  in 
Figure  5-9  except  -  "NO  ADDED  RESIN.  " 

It  was  evident  from  appearance  of  the  structure  in  the  pole  region  that  there  were  voids 
caused  by  the  normal  interweaving  of  material  during  wrapping.  The  case  failed  at 
1850  psi  at  the  pole  fitting.  Extra  resin  would  be  required  to  provide  a  void-free 
structure. 

Figure  5-6  shows  the  first  case,  SPN-01,  being  hydro-tested.  The  case  was  suspended 
from  the  top  center  port  and  the  lower  fitting  was  unrestrained.  The  photo,  Figure  5-6, 
is  a  double  exposure  taken  at  0  and  1, 000  psL  Note  the  uniform  expansion  and  balanced 
deflection. 


Figure  5-11  shows  case  No.  SPN-07  which  has  the  end  dome  reinforcement  extending 
into  the  cylinderical  section  1/4  inch.  Note  that  the  origin  of  failure  was  at  the  termi¬ 
nation  of  the  dome  reinforcement 


Figure  5-12  shows  case  No.  SPN-15  which  has  the  end  dome  reinforcement  extending 
into  the  cylinderical  section  3/4  inch.  The  origin  of  failure  appears  to  have  been  in  the 
circumferential  windings  at  approximately  one  (1)  inch  from  the  P.  T. 


IMPROVED  PRE-PREGS 


Which  is  more  desirable,  yam  or  roving  to  form  pre-preg  tapes?  A  glass  tape  is  de¬ 
fined  as  a  number  of  ends  (204  monofllaments/end)  which  are  parallel,  without  cross¬ 
overs,  of  uniform  width  and  thickness,  and  all  ends  of  uniform  length.  Rovings  available 

(continued  on  page  5- 16) 
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Figure  5-2.  Fiberglass  Case  With  The  Mandrel  Being  Washed  Out  Under  Pressure 

(Note  -  The  Resin  Is  Not  Cured) 
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Figure  5-3.  Summary  of  Seven  Inch  Test  Cases  -  SPN  Program 


Figure  5-6.  Double  Exposure  Hydro  Test  SPN-01  at  0  and  1,000  psi 
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Figure  5-7.  Test  Case  SPN-02  Before  Test 
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Figure  5-8.  Test  Case  SPN-02  After  Test 
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Figure  5-10.  Test  Case  Without  Added  Resin 
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Figure  5-11.  Test  Case  SPN-07 
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Figure  5-12.  Test  Case  SPN-15 
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to  date  do  not  meet  these  specifications. 


Yarn  will  meet  the  above  requirements  to  form  a  tape,  however  the  added  processing 
at  the  glass  mill  to  form  a  "yarn"  from  the  forming  tube  results  in  some  damage  to 
the  glass.  Actually,  the  desirable  quality  of  a  yarn  is  that  a  single  end  of  glass  is 
available  for  processing  in  the  tape  forming  machine. 

RECOMMENDATIONS 


An  improved  tape  with  more  reliability  could  be  manufactured  by  processing  directly 
from  the  forming  tube  into  the  tape  forming  machine. 

FILAMENT  DIAMETER 


The  tape  used  for  fabrication  of  pressure  bottles  was  made  from  EC  DE-300- 1/0- 1. 0 
T.  P.  I  yarn.  The  yarn  contained  204  monofilaments  of  0. 00025  inch  diameter.  The 
cross  sectional  area  of  "DE"  filament  is  approximately  one-half  that  of  a  "G"  filament 
normally  used  in  filament  winding. 

Although  the  fiber  diameter  does  not  significantly  affect  the  strength  of  the  filaments 
and  strands  themselves,  greater  fineness  allows  greater  dispersion  of  the  structural 
elements  in  the  resin  and  therefore  reduces  the  probability  of  fault  propagation. 

Probably  the  most  significant  use  of  filaments  finer  than  "G"  size  could  be  for  added 
reinforcements  wherein  reduction  of  stress  risers  is  usually  of  prime  Importance. 
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SECTION  VI 

EIGHTEEN  INCH  DIAMETER  PORTED  CASES 


The  18  inch  diameter  cases  were  in  the  program  to  ascertain  the  effect  of  scaling  from 
7  inch  diameter  to  18  inch  diameter  cases.  It  was  not  practical  to  investigate  off  center 
port  reinforcements  in  small  size  cases.  An  18  inch  case  is  sufficient  to  investigate 
multi-port  reinforcements.  The  two  18  inch  cases  fabricated  and  tested  were  exact 
scale  ups  of  the  7  inch  cases  used  for  the  consistency  tests  and  the  port  reinforcements 
were  made  with  pre-preg  tapes  programed  tangent  to  the  nozzle  openings. 

It  was  planned  to  incorporate  the  nozzle  openings  into  the  aft  end  dome  without  disturbing 
the  scaling  effects  or  methods  of  reducing  stress  concentrations.  The  two  cases  were 
to  differ  only  in  the  amount  of  nozzle  reinforcement  material.  It  was  planned  to  program 
sufficient  nozzle  reinforcement  material  into  the  first  case  so  that  it  would  not  fail  in 
the  aft  dome  region.  The  second  case  was  modified,  based  on  test  results,  to  fail 
through  the  nozzle  port  openings. 

SUMMARY  OF  RESULTS 


Both  of  the  18  inch  diameter  cases  failed  as  planned.  The  first  case  failed  in  the  cy¬ 
lindrical  section  at  a  stress  level  comparable  to  that  obtained  in  the  7  inch  diameter 
program.  The  effect  of  scaling  up  and  methods  of  reducing  stress  concentrations  worked 
as  well  in  the  18  inch  diameter  cases  as  in  smaller  size  hardware.  The  second  case 
had  50  per  cent  less  reinforcement  material  in  the  immediate  area  of  the  nozzle  opening. 
Based  on  the  test  data  from  the  first  case,  the  nozzle  reinforcement  was  designed  to 
fail  at  approximately  450  psi.  The  second  case  failed  as  predicted  at  a  pressure  of  442 
psi.  See  Figure  6-1  for  general  construction  details. 

Hydrotest  Results 

The  failure  was  in  the  circumferential  section  at  502  psi,  see  Figures  6-2  and  6-3. 

Circumferential  glass  stress  320, 000  psi 

Longitudinal  glass  stress  221, 000  psi 

Strength  to. weight  ratio  in  cylindrical  section  (This  includes  glass  plus  resin  weight) 

1.  585  x  10®  inches. 

The  second  case  failed  through  the  nozzle  port  opening  at  442  psi.  The  strength  of  this 
nozzle  port  reinforcement  was  (442/592)  75  per  cent  as  strong  as  the  case  side  wall. 

See  Figure  8-4.  (text  continued  on  page  6-6) 
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Figure  6-1.  Construction  Details  For  Cases  SPN- 18-01  And  SPN- 18-02 
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Figure  6-3.  End  Dome  Sections  After  Burst  Test 


Nozzle  port  rotations  for  both  cases  are  in  the  order  of  3/4  of  1  degree. 

OFF-CENTER  PORT  REINFORCEMENTS 

One  of  the  most  critical  problems  with  filament  wound  cases  Is  nozzle  port  rotation  du¬ 
ring  pressurization.  Part  of  this  difficulty  arises  from  non-uniform  placement  of  rein¬ 
forcement  material  at  nozzle  port  openings.  When  reinforcements  are  pre-fabrlcated  in 
a  plane,  laid  on  the  arbor  and  forced  to  conform  to  the  dome  contour,  the  material  is  no 
longer  in  a  uniform  and  precise  pattern. 

The  method  of  off-center  port  reinforcement  described  herein  provides  for  a  precise 
placement  of  material  which  will  not  be  disturbed  when  placed  on  the  winding  arbor.  The 
construction  of  the  reinforcement  is  symmetrical  about  a  plane  which  passes  through  the 
longitudinal  axis  of  the  case  and  through  the  center  of  the  nozzle  port  opening.  Thus  the 
deflection  of  the  end  dome  with  respect  to  this  plane  will  be  balanced.  End  dome  de¬ 
flections  about  a  plane  at  90  degrees  to  the  plane  of  symmetry  may  not  be  balanced; 
however,  these  deflections  can  be  balanced  by  proper  programming  of  the  material. 

DESIGN  CONCEPT  OF  REINFORCEMENTS 

The  method  adopted  for  reinforcing  off- center  port  openings  consists  of  fabricating  the  longi¬ 
tudinal  windings  with  the  exact  winding  pattern  as  was  used  in  a  plain  pressure  bottle  and 
adding  material  around  the  location  where  the  port  opening  is  to  be  incorporated.  After 
curing,  the  desired  area  is  opened  by  cutting  out  the  filaments  of  the  basic  pressure 
vessel  which  lay  over  the  intended  opening.  However,  none  of  the  reinforcing  material 
added  around  the  opening  is  cut;  thus,  undisturbed  filaments  are  provided  to  carry  the 
loads  around  the  opening. 

A  brief  explanation  of  the  basic  principles  arrived  at  during  the  development  of  this  type 
reinforcement  will  clarify  the  design  used.  This  "doily"  type  reinforcement  provides 
distribution  of  material  around  the  hole  opening  which  is  the  same  as  that  created  at  on- 
center  ports  in  a  regular  winding  pattern.  This  is  the  natural  method  of  locating  fila¬ 
ment  material  around  an  opening  wherein  the  material  adjacent  to  the  opening  is  in 
tension.  The  load  is  maximum  at  the  edge  of  the  hole  and  diminishes  very  rapidly  away 
from  the  opening.  The  resulting  physical  tapered  cross  section  through  the  off  center 
port  reinforcement  lay  up  shows  the  desired  fairing.  (See  Figure  6-5) 

The  PROBLEM  is  how  to  fair  the  edges  of  the  doily  reinforcements  where  they  contact 
each  other  between  two  adjacent  ports  and  at  their  extremities  toward  the  PT  line  of  the 
case. 

The  method  used  to  layout  a  doily  is  to  use  a  full  scale  model  of  the  end  dome  and  locate 
the  centerlines  of  the  pole  piece  and  the  off  center  port  openings.  Next,  scribe  on  the 
diameters  of  the  off  center  port  openings  and  diameter  of  pole  piece. 

NOTE:  To  accurately  determine  the  location  of  tapes  in  a  reinforcement,  it  is 

necessary  to  work  from  the  actual  full  scale  (true)  contour.  The  most  im¬ 
portant  item  in  the  design  is  lo  fair  out  the  tape  ends  toward  the  PT  line  of 


Figure  6-5.  CYntor  Port  lYinforcrmont  l.uy-up 
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the  case.  To  provide  sufficient  strength  at  the  hole  opening  with  this  design 
is  not  the  primary  problem.  It  might  appear,  on  first  glance,  to  be  some¬ 
what  of  a  "blacksmith  approach”  to  design  from  the  model  concept  in  lieu  of 
a  mathematical  and  descriptive  geometry  approach.  The  strict  mathematical 
approach  requires  the  exact  geodesic  path  of  all  curves  tangent  to  the  hole 
opening.  In  addition,  the  curves  must  be  reduced  to  tables  of  x,  y,  and  z 
coordinates.  It  is  then  apparent  that  the  model  and  layout  method  is  a 
sound  engineering  approach. 

The  outer  extremities  of  the  doilies  must  be  defined  and  located.  The  end  dome  is  di¬ 
vided  into  four  (4)  equal  segments  with  the  center  of  an  off-center  port  opening  being  the 
focal  point  for  each  doily  design.  The  ends  of  the  doily  should  terminate  on  lines  paral¬ 
lel  to  the  PT.  The  side  next  to  the  on-center  port  can  extend  to  the  polar  opening  dia¬ 
meter  used  for  longitudinal  winding.  The  side  next  to  the  PT  will  vary  in  distance  from 
the  PT  depending  on  the  intended  location  of  the  doily  during  winding.  Next,  scribe  a 
line  which  extends  from  the  center  of  the  pole  piece  through  the  center  of  the  off-center 
port  to  PT.  The  doily  design  should  be  symmetrical  about  this  line.  Extend  72  radial 
lines  from  the  center  of  the  nozzle  opening  to  divide  the  circumference  of  the  nozzle 
opening  into  equal  arc  lengths.  A  doily  is  started  by  placing  a  length  of  tape  tangent  to 
one  of  the  radial  lines  at  the  hole  opening.  Extend  the  tape  along  a  geodesic  path,  away 
from  the  port  opening,  and  terminate  the  ends  at  the  outer  extremities  designated  for 
the  doily.  Repeat  this  process  for  each  of  the  radial  lines.  (See  Figure  0-6) 

Examine  the  pattern  at  the  outer  extremities  for  uniformity  of  spacing.  Revise  the  spac¬ 
ing  at  the  outer  extremities  for  more  uniform  spacing,  or  as  defined  from  an  analytical 
approach  to  reduce  stress  concentrations.  The  angular  location  of  the  radial  lines  con¬ 
trols  the  spacing  of  the  tapes  at  the  outer  extremities  of  the  doily.  Therefore  revise  the 
angular  locations  of  the  radial  lines  as  required. 

Compare  the  load  carrying  capacity  of  the  doily  at  the  nozzle  port  opening  with  the  loads 
predicted  to  be  present  by  mathematical  analysis.  The  number  of  dollies  per  opening 
can  be  the  same  as  the  number  of  longitudinal  windings.  After  selecting  the  desired 
number  of  doilies,  material  will  prcbably  be  added  or  subtracted  to  meet  the  load  re¬ 
quirements.  Be  very  careful  not  to  induce  stress  risers  on  the  end  next  to  the  PT  dur¬ 
ing  the  revision  process.  (See  Figure  6-7. )  For  complete  details  of  reinforcement 
used,  see  Monthly  Progress  Reports  No.  9,  for  Period  of  Nov.  1  -  Nov.  30,  1961 
(BPD-863-14317),  and  No.  10  for  Period  of  Dec.  1  -  Dec.  30,  1961  (BPD-863- 14340). 
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Figure  6-7.  Construction  Methods  For  Off-Center  Port  Reinforcements 
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SECTION  vn 
BENDING  TESTS 


It  was  required  that  some  pressure  bottles  (7  inch  size)  be  loaded  in  pure  bending.  In 
view  of  the  fact  that  these  pressure  bottles  did  not  have  skirts  through  which  the  structure 
could  be  loaded,  special  end  attachments  were  provided  to  properly  load  the  structure. 
The  methods  which  were  considered  most  adaptable  to  this  project  for  applying  a  pure 
bending  moment  were  those  used  in  "Wright  Air  Development  Division  Contract  No.  AF 
33  (038)  -  41872  and  Navy,  Bureau  of  Aeronautics  Contract  NOas  57  -  711  -  f".  The 
method  used  in  the  Navy  contract  was  selected  due  to  its  adaptability  to  end  connections 
which  were  compatible  with  filament  winding  techniques. 

SPECIMEN  FOR  BENDING  TEST 

In  order  that  a  pure  bending  moment  may  be  applied  to  the  cylindrical  section  of  the 
pressure  vessel,  it  is  necessary  that  either  the  end  domes  be  cut  off  at  points  of  tan- 
gency  and  plugs  Inserted  in  the  ends  of  the  tube,  or  that  special  end  fittings  be  provided 
through  which  the  bending  moment  can  be  transferred  to  the  cylindrical  section.  If  the 
bending  moment  were  applied  to  the  small  on-center  ports  normally  used  with  an  ideal 
end-dome  and  a  longitudinal  filament  orientation  of  10  to  15° ,  the  probable  results  would 
be  either  the  de-bonding  of  the  pole  fitting  or  the  failure  of  an  end  dome.  In  order <to 
assure  an  adequate  length  of  test  specimen,  it  was  decided  to  use  a  length  of  L/D  of  2; 
however,  it  is  mandatory  that  the  winding  configuration  and  construction  be  absolutely 
identical  to  the  pressure  vessel  configuration  which  has  an  L/D  of  approximately  1.  In 
order  that  the  winding  pattern  and  configuration  be  identical,  It  is  necessary  that  the 
number  of  traverses  of  longitudinal  material  be  maintained  at  103,  and  that  the  shift  in 
the  end  dome  region  be  such  that  it  advances  eight  spaces  on  each  traverse. 

It  was  elected  to  use  an  end  dome  pole  piece  which  extends  from  the  center  line  to  the 
point  of  tangency.  By  using  a  conical  end  dome  and  selecting  the  proper  cone  angle,  the 
required  phase  shift  of  eight  spaces  can  be  accomplished  easily;  thus  the  requirements 
of  the  same  winding  pattern  configuration  are  maintained,  and  also  an  end  dome  flange 
which  will  transmit  the  pure  bending  moment  to  the  cylindrical  section  is  provided.  By  using 
a  dissolvable  mandrel,  which  is  removed  after  the  specimen  is  cured,  no  tolerance  pro¬ 
blems  are  encountered  which  would  necessitate  machining  operations.  With  the  bending 
moment  applied  through  the  I.  D.  of  the  conical  pole  pieces,  the  specimen  may  be  tested 
by  one  of  the  standard  bend-test  methods,  such  as  used  in  Navy  Contract  NOas  57-711-f. 
See  Figures  7-1,  7-2  and  7-3  for  bending  test  setup. 
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Figure  7-2.  Buckling  Test  Setup  For  7  inch  Fiberglass  Cases 
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Figure'  7-3.  Photograph  of  Duckling  Tost  Setup  for  7  inch  Fiberglass  Cases 
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TEST  RESULTS 


The  test  was  performed  to  determine  the  ultimate  buckling  load  and  strains  in  the  case 
side  wall.  The  pure  bending  test  was  conducted  in  an  Olsen  machine  (See  Figure  7-3). 

Case  SPN-11 

Refer  to  Figures  7-4,  7-5  and  7-6. 

The  ultimate  bending  moment  was  35, 000  inch-pounds. 

Maximum  strains  were  (-)  6690  micro  inches. 

(+)  4220  micro  inches. 

Failure  was  midway  between  the  PPs  in  the  cylindrical  section. 

Physical  Dimensions 

I.  D.  -  7. 1 70  inches 

Unsupported  cylindrical  length  -  15  inches 
Wall  thickness  -  0. 057  inch 

Material 


Cordo  20  end  pre-preg  roving 
ECG  140  (801  sizing) 

Resin  content  -  18.  5%  by  weight 

Construction  (Same  as  SPN-06) 

Circumferential  layers  -  4 
Longitudinal  layers  -  4 

Case  SPN-13 

Refer  to  Figures  7-7  and  7-8. 

The  ultimate  bending  moment  was  37, 700  in.  lbs. 

Maximum  strains  were  (-)  5080  micro  Inches. 

(+)  5370  micro  inches. 

Failure  occurred  by  buckling  of  the  longitudinal  filaments  at  the  junction  of  the  cone  and 
cylinder. 

Physical  Dimensions 
I.  D.  -  7. 170  inches 

Unsupported  cylindrical  length  -  15  inches 
Wall  thickness  -  0. 047  inch 

(text  continued  on  page  7-11) 
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Figure  7-4. 


Case  SPN-11  Alter  Test  -  0°  Position 
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Figure  7-5  Case  SPN-ll  After  Test  -  180°  Position 
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Figure  7-6.  Test  Results  of  Case  SPN-11 


Figure  7-7.  Case  SPN-13  After  Test 
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Figure  7-8.  Test  Results  of  Case  SPN- 13 


Material 

Bendix  fabricated  tape 

ECDE-300-1/0-1.0  T.P.I.  yarn  -  EPS-4  sizing 
Tape  contained  46  ends  -  0.  213  inch  wide 
Resin  content  -  19.  8%  by  weight 

Construction  (Same  as  SPN-12,  14,  16) 

Circumferential  layers  -  8 
Longitudinal  layers  -  6 

ENGINEERING  DISCUSSION 


Specimen  SPN-13  failed  in  an  area  which  was  not  considered  as  part  of  the  structure 
being  evaluated.  Figure  7-7  shows  the  longitudinal  tapes  failed  in  the  end  dome  region 
where  there  were  no  circumferential  windings  to  stabilize  the  structure.  This  area  could 
be  reinforced  by  a  number  of  methods  such  as  adding  tapes  or  glass  cloth. 
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SFCTION  Vlfl 
STATISTICAL  ANALYSIS 


During  the  manufacture  of  filierglass  hollies.  "D"  rings  were  wrapp'd  at  various  inter¬ 
vals  during  falirlralhm.  These  rings  were  cured  and  tested  for  quality  control  checks 
on  the  material  going  into  the  cases.  After  completion  of  14  cases,  the  test  results 
were  analyzed  to  determine  the  correlation  lietween  "D"  ring  strengths  and  case  strengths. 

These  data  were  divided  into  two  groups.  Cases  that  failed  circumferentially  were  put 
in  the  first  group  and  those  that  failed  longitudinally  were  placed  In  the  second.  The 
maximum  "D"  ring  strength  was  then  used  as  the  other  variable  and  aline  of  best  fit  was 
drawn  through  the  data  by  a  "least  squares"  method.  The  whole  process  was  repeated 
for  the  mean  and  minimum  "D"  ring  stresses.  The  resulting  lines  were  analyzed  further 
and  a  coefficient  of  determination,  r2  calculated,  and  the  conclusions  listed  In  Figure  8-1. 


"D"  RING  STRESSES  ] 

Max. 

Mean 

Min. 

slope 

corr. * 
r* 

slope 

corr.  * 
r2 

slope 

Circumferential 
Failures 
(8  units) 

0. 2619 

1.  19 

0.  2633 

1.0568 

0. 485 

Longitudinal 
Failures 
(6  units) 

0.2197 

0. 5734 

■ 

0. 3592 

0. 8391 

0. 3368 

Figure  8-1.  Case  Failures  vs.  "D"  Ring  Stresses 


As  can  be  seen,  the  best  correlation  is  with  minimum  "D"  ring  strength;  however,  for 
the  circumferential  strength,  even  this  maximum  is  only  48%.  This  means  that  if  48% 
of  the  variation  can  be  attributed  to  material  strength,  52%  must  still  be  attributed  to 
something  else.  And  in  addition,  the  analysis  showed  with  95%  confidence  that  two  of 
the  sample  values  were  from  a  different  population. 
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Due  to  the  small  number  of  samples  used  and  the  wide  spread  In  the  data,  the  values  In 
the  table  are  not  presented  as  conclusive  evidence;  in  fact  confidence  that  these  values 
are  right  is  quite  low.  However,  the  results  do  Indicate  rather  conclusively  (as  would 
be  expected)  that  Increased  material  strength  yields  stronger  cases.  In  addition,  it 
appears  that  the  average  strength  of  materials  is  not  nearly  as  important  as  the  minimum 
strengths.  Figure  8-2  shows  the  data  for  the  circumferential  strengths  plotted  against 
minimum  "D"  ring  strengths.  The  figure  shows  the  derived  line  and  gives  a  feeling  for 
the  spread  of  data  encountered.  The  conclusions  then  are  (1)  higher  strength  materials 
yield  higher  strength  cases,  (2)  case  strength  is  more  sensitive  to  minimum  "D"  ring 
strength  than  to  mean  or  maximum  "D"  ring  strengths,  and  (3)  correlation  is  low,  in¬ 
dicating  other  factors  have  significant  effects  on  case  strength. 

The  confidence  in  the  above  analysis  would  be  greatly  improved  by  more  tests.  In  ad¬ 
dition,  more  tests  would  allow  the  examination  of  other  constant  cause  systems;  therefore 
it  is  recommended  that  additional  tests  be  conducted  and  that  the  two  "out-of-control" 
values  be  particularly  examined  in  hopes  of  achieving  major  increases  in  strength  with 
minor  processing  changes. 
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Figure  8-2.  Circumferential  Strengths  vs.  Minimum  "D"  Ring  Strengths 


